INTRODUCTION
============

Coronary artery disease (CAD), including myocardial infarction (MI), has been considered as a leading cause of mortality and disability worldwide.^[@R1],[@R2]^ Currently, MI has been considered a multifactorial disease resulting from the interaction between several susceptibility genes, such as *C5L2*,^[@R3]^*SAA1*,^[@R4]^ and *CYP17A1* gene,^[@R5]^ and multiple environmental factors.^[@R6],[@R7]^ Although recent genome-wide association studies (GWAS) have identified several loci associated with CAD and MI,^[@R8]^ a large fraction of the genetic risk for CAD/MI have not been identified. Therefore, it is necessary to identify additional susceptibility loci focusing on family constellation. Recently, 4 new loci which were strongly associated with CAD in Chinese Han ethnicity were identified using the GWAS analysis.^[@R8]^ Although these findings have provided new insights into pathways contributing to the susceptibility for CAD and MI, we did not find any mutation of these loci in a family whose 4 members were attacked by acute MI before 55 years. Therefore, there might be some new gene mutations related to MI that have not been identified in the past decades. In light of this observation, we examined cases without previously identified pathogenic mutations in an attempt to identify new mutations that can cause early MI.

In this study, we used whole-exome sequencing methods to identify potential predisposing genes in an early MI family and found a novel mutation in the *RECQL5* gene is a pathogenicity-related locus resulting in early MI.

METHODS
=======

Ethics Statement
----------------

This study was approved by the ethics committee of the first affiliated hospital of Xinjiang Medical University. Written informed consent was obtained from all subjects or their respective guardians.

Human Subjects
--------------

We focused on a family in which 4 siblings were diagnosed with MI (Figure [1](#F1){ref-type="fig"}A). The affected siblings (II-2, II-3, III-1, and III-3) are alive and have received the coronary stent implantation treatment. All 4 siblings had multivessel disease and \>4 stents were implanted for recurrent attacks of acute myocardial infarction (AMI). Also, sibling II-2 and sibling II-3 were attacked by AMI twice and thrice, respectively. This family is of Chinese Han ancestry, ascertained via subject II-3, who presented with AMI at 49 years. He had smoked and taken alcohol before his first hospitalization because of AMI and his body mass index (BMI) was 25.4. He also had some other risk factors such as diabetes and hypercholesterolemia. His father died at 45 years of age for an unknown cause, and his mother suffered CAD and was alive. Detailed clinical data were obtained for all available kindred members, including 5 affected with MI or CAD, 4 free of CAD, and 1 younger asymptomatic member (CAD phenotype unknown; age 27 years). The clinical characteristics of all these 10 members are shown in Table [1](#T1){ref-type="table"}.

![Identification of RECQL5 mutations in MI. (A) Pedigree of a family with CAD/MI in 4 children and their mother/grandmother. (B) Sanger sequencing chromatograms from the 3′-end of exon 13 and 5′-end of intron 12 on RECQL5 in the family members. (C) RT-PCR analysis of RECQL5 exons 9 and 14 from peripheral blood RNA samples from the family members. CAD = coronary artery disease, MI = myocardial infarction, RT-PCR = reverse transcription polymerase chain reaction.](medi-95-e2737-g001){#F1}

###### 

Characteristics of the Family Members

![](medi-95-e2737-g002)

Construction of DNA Libraries and Sequencing
--------------------------------------------

Exome sequencing was performed at Shanghai Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). Briefly, DNA was extracted from peripheral venous blood samples using whole blood purification kit (Qiagen Bio, TLD, Beijing). DNA sequencing library was constructed using 5 μg of genomic DNA. Whole-exome sequence capture was performed according to "SureSelectXT Target Enrichment System for Illumina Paired-End Sequencing Library Illumina HiSeq and MiSeq Multiplexed Sequencing Platforms Protocol Version 1.3.1, February 2012." We used Agilent 2100 Bioanalyzer for quality check and quantified the DNA libraries of subjects. Sequencing was performed on the Illumina Genome Analyzer II using a standard 56 cycle paired-end read sequencing protocol and Illumina\'s sequencing reagents according to the manufacturer\'s recommendations. Each library was sequenced individually on a single flow cell lane.

Analysis of Sequencing Data
---------------------------

Illumina\'s Data Analysis Pipeline software (v.1.6) was used to perform the base calling and sequence reads quality assessment. And we used the Burrows--Wheeler alignment (BWA) tool^[@R9]^ to perform the alignment of sequence reads to the reference human genome (hg19, GRCh37). All sequencing data were processed according to the previous report.^[@R10]^ The variant filtration was performed after all variants were obtained, annotated, and assessed from the exome sequencing process. Raw SNP calls were filtered using the following criteria: "QUAL \< 30.0 \|\| QD \< 5.0 \|\| HRun \> 5 \|\| SB \> −0.10" and raw InDel calls were filtered using the following criteria: "MQ0 ≥ 4 && (\[MQ0 / {1.0 ∗ DP}\] \> 0.1)" "SB ≥−1.0" "QUAL \< 10".

Sanger Sequencing-Based Genotyping of Variants
----------------------------------------------

The primer pairs were designed using the Primer Premier 5.0 software. The sense primer was 5′TCTCTGGTGCTGGATGGGAC3′ and the antisense primer was 5′GTGTTGACTGGCGGTTGCT3′. We amplify a fragment of 453 bp around this variant. The same set of primers was used for both PCR amplification from genomic DNA samples and for Sanger sequencing. Curated results were obtained from the sequencing-based genotyping using automated and manual approaches.

RT-PCR Analysis
---------------

We isolated the total RNA from peripheral blood using a Blood RNA kit (Aidlab, Beijing, China). The RNA was treated with DNase (Aidlab, Beijing, China) after purification. We carried out the RT-PCR using a One-Step RT-PCR kit (Aidlab, Beijing, China). RT-PCR primers were designed in exon 9 (forward, 5′AGGGGAACGGCTTTGAC3′) and in exon 14 (reverse, 5′CCTTGGAGGCTCTGTGGA3′) of *RECQL5*. 30 cycles with an annealing temperature of 55°C were carried out for RT-PCR, and agarose gel electrophoresis was utilized to analyze the products.

Quantitative RT-PCR
-------------------

We utilized quantitative RT-PCR to detect the expression of RECQL5 exon 12. RNA was prepared as above. The PCR amplification was performed on the ABI Prism 7900HT sequence-detection system (Applied Biosystems). *GAPDH* was used as the control reference. RECQL5 expression quantification was carried out using the ΔΔCt method as described previously.^[@R11]^ In the procedure, we utilized the primers as follows: *RECQL5* exon 12forward: 5′CAGGCTGACTGTGAAGG3′ 5′TTGGAGGCTCTGTGGAT3′. The primers for *GAPDH* (forward: 5′-TGCACCACCAACTGCTTAGC-3′; reverse: 5′-GGCATGGACTGTGGTCATGAG-3′) were designed referring to the previous report.^[@R9]^

RESULTS
=======

In this study, we carried out a whole-exome sequencing on 10 members of a family in which 4 siblings were diagnosed with MI before 55 years of age. We obtained at least 40-fold coverage for \>90% of the target bases. We filtered out all variants utilized the following information: \#\#fileformat = VCFv4.0; \#\#fileDate = 20120118; \#\#source = dbSNP; \#\#dbSNP_BUILD_ID = 135; \#\#reference = GRCh37.p5; \#\#phasing = partial; \#\#variationPropertyDocumentationUrl = ftp://ftp.ncbi.nlm.nih.gov/ snp/specs/dbSNP_BitField_latest.pdf. After filtering, we identified a mutation in the *RECQL5* gene, which was shared by 5 affected members and 1 unknown phenotype sibling but not by the 4 unaffected members. This extreme familial clustering and segregation of phenotypes within the kindred is unlikely to be explained by chance or multifactorial determination and provides strong evidence that early MI is transmitted as a highly penetrating autosomal dominant trait (Figure [1](#F1){ref-type="fig"} A and B), which was in line with the previous study.^[@R10]^

In the present study, we identified a mutation in the *RECQL5* gene, which is a TG insert at position 73,626,918 on the 13 chromosome (Figure [1](#F1){ref-type="fig"}B). This mutation occurs before the last nucleotide of the introns 11 acceptor splice site of *RECQL5* gene. Therefore, this mutation was considered to be predicted to affect splicing of *RECQL5*. The results from RT-PCR demonstrated this prediction. The control subject had a full-length mRNA including exon 12, but the patients with *RECQL5* mutation had a shorter mRNA form involving splicing of exons 11 to 13 directly, with skipping of exon 12 (Figure [1](#F1){ref-type="fig"}C and Figure [2](#F2){ref-type="fig"}). Furthermore, the quantitative RT-PCR analysis indicated that only trace amounts of mRNA containing exon 12 (5%, 7%, and 9% of control levels, respectively) were observed in individuals I-1, II-2, and II-3 whose genotype is mutant homozygote and the family members who carry the heterozygous genotype had a level at 48% to 55% of the control\'s level (Figure [3](#F3){ref-type="fig"}).

![A model of how RECQL5 mutation in MI favors production of RECQL5 and the DNA sequence segment of the normal and the mutant one. (A) The sequence of the normal and the mutation. (B) Splicing pattern of RECQL5 in humans and the resulting mRNA.DNA = deoxyribonucleic acid, MI = myocardial infarction.](medi-95-e2737-g003){#F2}

![RECQL5 exon 12 mutation results in trace amounts of RECQL5 mRNA containing exon 12. Quantitative RT-PCR was performed on peripheral blood RNA samples from all the members in the family. Data are shown as the mean ± SD. RNA = ribonucleic acid, RT-PCR = reverse transcription polymerase chain reaction, SD = standard deviation.](medi-95-e2737-g004){#F3}

DISCUSSION
==========

DNA helicases are a class of enzymes which can obtain energy using the hydrolysis of ATP to open the double-stranded DNA structure and generate single-stranded DNA. These enzymes play an important role in gene transcription, DNA replication, homologous recombination, and DNA repair. Among these, RECQ helicase family members are very conservative in sequence, structure, and function, which are important in maintaining genomic stability.^[@R12]^ Currently, although several studies suggested that the *RECQL5* gene was associated with cancers,^[@R13]--[@R15]^ the relation between *RECQL5* gene and CHD/MI remains unclear.

The human *RECQL5* gene is of 3 transcripts (RECQL5α, β, and γ) through different splice modes.^[@R16]^ The *RECQ5*α, β, and γ contain a conserved helicase domain and a RECQC domain, respectively.^[@R17]^ Furthermore, the *RECQL5*β also contains a long C-terminal, which contains an NLS. However, all other RECQ helicase do not have similar C-terminal sequence, which indicates that *RECQL5*β may be of particular biological function.

Izumikawa et al^[@R18]^ found that the *RECQL5* gene was associated with low-density lipoprotein receptor (LDLR) gene and β-actin gene, both of which were reported to be associated with CAD. And their results showed that when *RECQL5* gene was knocked down, the LDLR gene and β-actin gene were significantly upregulated. The primary function of the membrane protein LDLR is to remove the circulating LDL by binding to and internalizing it, which are essential for the regulation of plasma cholesterol. Previous study indicated that LDLR mutations influence the LDLR residual activities to a different degree^[@R19]^ and associated with coronary heart disease.^[@R20]^ Therefore, the novel mutation, a TG insert at position 73,626,918 on the 13 chromosome and occurs before the last nucleotide of the introns 11 acceptor splice site, affects splicing of RECQL5, which results in the dysfunction of *RECQL5* gene due to deficiency of exon 12. Furthermore, the loss-of-function RECQL5 may affect the expression of LDLR gene according to the report from Izumikawa et al.^[@R18]^ This explanation may answer the question why the *RECQL5* gene mutation can increased the MI susceptibility in this family. However, it is emphasized that CAD, including MI, is a multifactorial disease resulting from the interaction between genetic background and envirnmental factors. In the present study, we also found all the subjects with MI have increased serum concentration of TC, LDL-C, and CRP comparing to the healthy individuals. Therefore, there may be other mechanisms to explain the pathogenesis of early MI in this family, which remain unclear but were worthy to exploring in the future.

LIMITATIONS
===========

There are several limitations in the present study. First, we included relative small number of patients in this family. Second, we included a younger asymptomatic member (CAD phenotype unknown; age 27 years) who did not perform in this family. Therefore, this fact to identify healthy subject using a self-stated record rather than coronary angiography is a limitation. Finally, we did not verify the causal relationship between RECQL5 and MI by knocking out the *RECQL5* gene in mice. Therefore, our results need further verification in both animal model and large-sample population.

Abbreviations: AMI = acute myocardial infarction, BMI = body mass index, BWA = Burrows--Wheeler alignment, CAD = coronary artery disease, GATK = Genome Analysis Toolkit, GWAS = genome-wide association studies, MI = myocardial infarction.
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